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Abstract
We study the general phenomenology of neutrinoless double beta decay in seesaw models. In
particular, we focus on the dependence of the neutrinoless double beta decay rate on the mass of
the extra states introduced to account for the Majorana masses of light neutrinos. For this purpose,
we compute the nuclear matrix elements as functions of the mass of the mediating fermions and
estimate the associated uncertainties. We then discuss what can be inferred on the seesaw model
parameters in the different mass regimes and clarify how the contribution of the light neutrinos
should always be taken into account when deriving bounds on the extra parameters. Conversely, the
extra states can also have a significant impact, canceling the Standard Model neutrino contribution
for masses lighter than the nuclear scale and leading to unobservable neutrinoless double beta decay
amplitudes even if neutrinos are Majorana particles. In particular, the decay rate is reduced by
at least six orders of magnitude for masses of the extra states below 1 MeV in absence of extra
contributions. We also discuss how seesaw models could reconcile large rates of neutrinoless double
beta decay with more stringent cosmological bounds on neutrino masses.
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I. INTRODUCTION
At present, neutrino oscillations, together with cosmological evidence for dark matter and
dark energy, present the only evidence for physics beyond the Standard Model (SM). Thus,
models accommodating neutrino masses become an important component in the search for
new physics and it is therefore fundamental to seek experimental answers to questions such as
whether neutrinos are Dirac or Majorana fermions. In this context, one of the most promising
types of experiments is that of searching for neutrinoless double beta decay (0νββ decay), in
which a peak at the endpoint of the beta radiation energy is searched for, see [1–9] for reviews.
Since this process is lepton number violating, its observation would imply that neutrinos are
Majorana fermions [10]. Present bounds on 0νββ decay for different nuclei have been set by
the Heidelberg-Moscow [11], IGEX [12], CUORICINO [13], NEMO [14, 15], ELEGANT [16],
Solotvina [17] and DAMA [18] collaborations, as well as geochemical measurements [19]. In
the next few years, experiments like GERDA [20], EXO [21], SNO+ [22] and CUORE [23]
will search for a 0νββ decay signal with unprecedented sensitivity. Furthermore, there are
several other experiments proposed for the upcoming future, which include CANDLES [24],
Super-NEMO [25], MAJORANA [26], NEXT [27], CARVEL [28], COBRA [29], DCBA [30],
MOON [31] and XMASS [32].
Apart from the ongoing searches, there is a claim for a 0νββ decay signal from (part of)
the Heidelberg-Moscow collaboration [33, 34]. However, this measurement is in apparent
conflict with other bounds on neutrino masses, in particular those coming from the influence
of neutrino masses in cosmology [35, 36].
Among the more popular models for neutrino masses, we find the different types of seesaw
mechanisms. In the type-I seesaw [37–40], the SM is extended by the addition of extra
fermion singlets. The Majorana masses of such singlets do not violate gauge invariance and
are presently not constrained. However, a very heavy mass is usually assumed and a Yukawa
coupling between the singlets and the SM neutrino fields of the same order of magnitude
as the SM Yukawas is introduced. Such a scenario provides a natural realization of small
neutrino masses even if other possibilities, e.g., approximate lepton number conservation
[41, 42], exist.
In the current literature on 0νββ decay, it is common to study the effects of the SM
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neutrinos1 or the extra states introduced to account for their masses independently (see, e.g.,
Refs. [43–47]). However, the interplay between both contributions, when combined, displays
interesting phenomenology such as cancellations in certain regimes that is otherwise lost.
By considering these contributions independent, the presence of some extra component to
the Majorana neutrino mass different from the extra states and some degree of fine tuning
is implicitly assumed.
In the present work, we will compute the nuclear matrix element (NME) involved in
the 0νββ decay rate without any assumption on the neutrino mass mediating the process,
describing in detail the approximations involved. The uncertainties associated to each of
these approximations are also discussed, so as to estimate the total uncertainty on the
final NME. The results of this computation are publicly available in Appendix A. We will
also discuss in detail the interplay between the contributions of the SM neutrinos and the
extra states in seesaw models and discuss under which conditions they can be considered
independent. In doing so we will cover the full parameter space and deduce what implications
can actually be inferred on the models from observations. Finally, we will also comment
on how the contribution of extra states with different mass scales could allow for a large
0νββ decay rate even in presence of more stringent bounds on neutrino masses, such as
those derived from cosmology. In particular, it will be shown that the Heidelberg-Moscow
claim requires a tuning of only about 50 % amongst the extra contributions in order to be
compatible with the present cosmology bounds.
The remainder of this work is organized as follows: In Sec. II, we review the physics and
assumptions used to compute the NMEs and perform these calculations in order to get their
values as functions of the mass of the exchanged fermions. Next, in Sec. III, we discuss the
general phenomenology of the 0νββ process and the approximations that are usually made
in 0νββ decay analyses. The realizations of the 0νββ decay signal in the different types
of seesaw models are treated in Sec. IV before we summarize and give our conclusions in
Sec. V.
1 By SM neutrinos, we here mean the mass states which are predominantly composed of the SM flavor
fields. Although these states can contain some admixture of the extra states introduced to account for
neutrino masses, we will use this nomenclature for simplicity also in the remainder of the paper.
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II. COMPUTATION OF NUCLEAR MATRIX ELEMENTS
A. Obtaining the rate of 0νββ decay
The 0νββ decay is mediated by the weak Hamiltonian:
HW =
GF√
2
(
jLµJ
µ†
L
)
+H.c., (1)
where jLµ is the leptonic current, which consists of the electron coupled to left handed
electron neutrino. The neutrino can be written as a linear combination of the light and
heavy mass eigenstates νi given by the mixing matrix U :
jLµ = eγµ (1− γ5) νeL, νeL =
∑
i
UeiνiL. (2)
On the other hand, the hadronic (nuclear) current JµL can be obtained phenomenologically
by imposing symmetry requirements to the more general combination that can be built with
the available Lorentz vectors pµn, p
µ
p and γ
µ, the neutron and proton four-momenta and the
spin matrices, respectively. We also need to assume the impulse approximation, i.e., that
nucleons in nuclei can be treated as free when dealing with the weak interaction. Then
imposing Lorentz, parity and time-reversal invariance the nuclear current is given by2
Jµ†L = Ψτ
−
[
gV (p
2)γµ + igM(p
2)
σµν
2mN
pν − gA(p2)γµγ5 − gP (p2)pµγ5
]
Ψ, (3)
where pµ = pµn−pµp is the transferred momentum from hadrons to leptons, mN is the nucleon
mass, Ψ represents a nucleon field and τ− is the isospin lowering operator, i.e., it turns a
neutron into a proton.
The form factors, gV , gM , gA and gP , are real functions of the Lorentz scalar p
2. Their
values at zero-momentum transfer are known as the vector, magnetic, axial and pseudoscalar
coupling constants, respectively. Note that in single β and two-neutrino ββ decays only the
vector and axial terms are usually considered, due to the small transferred momenta (. 1
MeV). The magnetic and pseudoscalar couplings can be written in terms of the vector and
axial ones by assuming the conserved vector current (CVC) and the partially conserved axial
2 Second-class currents gS(p
2)pµ and gT (p
2) σ
µν
2mN
pνγ5, for which there is no experimental evidence, will be
ignored.
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current (PCAC) hypotheses [49]. The CVC hypothesis also implies that gV (0) = 1 in the
nuclear medium.
We now take the non relativistic approximation to the hadronic current. If terms are kept
up to |p|/mN (|p| ≃ 100 MeV as will be discussed below) and the energy transfer between
nucleons is neglected (E ≃ p2/2mN), we are left with3
Jµ†L (x) =
A∑
n=1
τ−n
[
gµ0J0n(p
2) + gµkJkn(p
2)
]
δ(x− rn), (4)
where
J0n(p
2) = gV (p
2),
Jn(p
2) = igM(p
2)
σn × p
2mN
+ gA(p
2)σn − gP (p2)p (p · σn)
2mN
. (5)
Hence, we have a sum over all A nucleons of the nucleus, whose coordinates are denoted by
rn. Note that nucleon operators present in the nucleon fields from now on will be included
in the nuclear wavefunctions.
The momentum dependence of the couplings is usually parametrized by the standard
dipolar form [50], and takes into account that nucleons are not point particles but finite size
bodies, i.e., the nucleon structure. Since in 0νββ decay the neutrino is being exchanged in
t-channel and the outgoing electrons have essentially the same energy, the energy exchange
can be neglected and thus p2 ≃ −p2. Then, the form factors look like
gV (p
2) =
gV (0)(
1 + p
2
Λ2
V
)2 , gM(p2) = (µp − µn) gV (p2),
gA(p
2) =
gA(0)(
1 + p
2
Λ2
A
)2 , gP (p2) = 2mNgA(p2)(p2 +m2pi) , (6)
wherempi is the pion mass and µp and µn denote the proton and neutron anomalous magnetic
moments, respectively. The values of the cutoffs of the vector and axial nucleon form factors,
ΛV = 0.85 GeV and ΛA = 1.09 GeV, are taken from experimental observations [51, 52]. Their
effect is to weaken the couplings for large momentum transfers, i.e., they avoid contributions
3 Nuclear recoil terms also come at first order in 1/mN , being proportional to pp + pn instead of p.
However, their leading contribution is suppressed an extra order of magnitude because of their odd-parity
character, which requires electron p-waves. Hence these terms will be neglected. Their contribution will
be discussed when referring to the electron s-wave approximation.
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arising from nucleons being too close to one another. These form factors are commonly
denoted as the finite nuclear size (FNS) terms.
With this Hamiltonian the rate of the 0νββ decay can be calculated by using the second
order Fermi’s Golden Rule [2]:
dΓ0νββ = 2pi
∑
spin
|R0νββ|2 δ(ε1 + ε2 + Ef − Ei)dΩe1dΩe2, (7)
where the transition amplitude is given by
R0νββ =
(
GF√
2
)2 ∫
dx
∫
dy
1√
2
(1− P12)×
∑
a,j
〈Nf ; e1, e2| Jµ†L (x)jLµ(x) |Na; e1, νj〉 〈Na; e1, νj | Jρ†L (y)jLρ(y) |Ni〉
ωj + Ea − (Ei + ε1) . (8)
The operator P12 is included to fulfill antisymmetry for the electrons, whose energies are
denoted by ε1, ε2. The energy of the virtual neutrino νj is denoted by ωj, and Ea is the
energy of the virtual intermediate nuclear state |Na〉.
The leptonic part of the numerator in Eq. (8) can be written more explicitly as
−i
∑
j
U2eje(x)γµ (1− γ5)
∫
d4p
(2pi)4
eip·(x−y)
p2 −m2j
(
/p +mj
)
CT (1− γ5) γρeT (y)
=− i
∑
j
U2ejmj
∫
d4p
(2pi)4
eip·(x−y)
p2 −m2j
2e(x)γµ (1− γ5) γρeC(y)
=− i
∑
j
U2ejmj
∫
dp
(2pi)3
eip·(x−y)
ωj
e(x)γµ (1− γ5) γρeC(y). (9)
This term turns out to be proportional to the neutrino masses mj because of the left handed
character of both leptonic currents. The transition amplitude is then
R0νββ =
G2F√
2
g2A(0)me
8piR
∫
dx
∫
dy (1− P12) e(ε1,x)γµ (1− γ5) γρeC(ε2,y)×
∑
j
U2ejmj
me
R
g2A (0)
∫
dp
2pi2
eip·(x−y)
ωj
∑
a
〈Nf | Jµ†L (x) |Na〉 〈Na| Jρ†L (y) |Ni〉
ωj + µa − 12 (ε1 − ε2)
. (10)
The axial coupling g2A(0), the electron mass me and the nuclear radius R have been intro-
duced for convenience and to make the second line in Eq. (10) dimensionless. For the nuclear
radius we have taken R = 1.2A1/3 fm. Using energy conservation, we have also rewritten
the denominator using the new parameter
µa ≡ Ema −
1
2
(Ei + Ef) , (11)
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which gives the relative energy of the (virtual) state of the intermediate nucleus with respect
to the mean energy of the initial and final states. Typical values of this parameter for the
different decays are ∼ 10 MeV [1].
In the following, two approximations will be made:
• Closure approximation.
• Approximation of 0+ final states and electrons emitted in s-wave.
The first of these takes advantage of the high momentum of the virtual neutrino |p| ≃
100 MeV. This nuclear scale comes from the integral over the transferred momentum of
Eq. (10). For light neutrinos, the integrand of this equation is approximately proportional
to |p| /(|p| + µa) in radial coordinates. Hence, momenta . 10 MeV will be disfavoured in
the transition. In addition, if we recall the form of the FNS terms in Eq. (6), we see that
transferred momenta above the cutoffs ≃ 1 GeV will be suppressed as well. On the other
hand, the leading contribution of the exponential term will arise when p · (x−y) ≃ 1. Since
nucleons are typically few fermis (femtometers) apart in nuclei, the nuclear wavefunctions
will select the preferred momentum for the virtual neutrino to be |p| ≃ 100 MeV. Thus, we
would expect it to be the typical virtual neutrino momentum of the decay. This result has
been confirmed by explicit calculation [53, 54].
In the case of heavy neutrinos, the transition operator will now have stronger preference
for larger momenta |p| & mj , since ωj =
√
m2j + p
2 appears in the denominator in Eq. (10).
Therefore, the tendency of the nuclear interaction for |p| ≃ 100 MeV can be overcome result-
ing in large transferred momenta that would imply internucleonic distances much shorter
than ∼ 0.1 fm. Again, such a distance is very suppressed by taking the FNS terms into
account, i.e., the nucleon structure information. Hence, in these cases, the reduction due to
the FNS effects is very large so that we end up with a |p| value of a few hundreds of MeV at
most, which is also the expected value for a process taking place between nucleons in nuclei.
In any case, the term (ε1 − ε2), which can amount up to a couple of MeV and vanishes
on average, can be safely neglected. Moreover, the intermediate state energies Ea, which
can differ from one another by a few MeV, can also be replaced by an average value 〈Em〉.
Thus, only a common parameter
µa ≃ µ ≡ 〈Em〉 − 1
2
(Ei + Ef ) (12)
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is required [1]. With the removal of the dependence on the actual energy of the intermediate
states, it follows that they are no longer needed in the calculation, since the closure relation
can be applied. Thus, the hadronic part in Eq. (10) is now
∑
a
〈Nf | Jµ†L (x) |Na〉 〈Na| Jρ†L (y) |Ni〉
ωj + µa − 12 (ε1 − ε2)
≃ 1
ωj + µ
∑
a
〈Nf | Jµ†L (x) |Na〉 〈Na| Jρ†L (y) |Ni〉
=
1
ωj + µ
〈Nf | Jµ†L (x)Jρ†L (y) |Ni〉 . (13)
This closure approximation has been shown to be correct to more than 90 %, using the
quasiparticle random phase approximation method [55], to be presented in Sec. II B.
As for the limitation of our study to transitions to 0+ final states, and to cases where
electrons are emitted in s-wave, corrections are expected to be of the order of 1 % at most.
In the case of p-waves, they are suppressed to s-waves by an order of magnitude at least [2].
Moreover, since they have odd-parity, they need odd-parity terms in the current to couple
to a J+ final state and these only appear at O (|p| /mN) , see note on Eq. (4). Thus, in the
end we have a contribution of the order of 1 % of the leading ones. On the other hand, since
all the final nuclei of 0νββ decay have even number of both protons and neutrons, their
ground states are always 0+. Any transition to an excited final state will be suppressed by
a phase space factor, which in this case is approximately proportional to Q5ββ, where Qββ
is the energy available for the decay. Considering this factor, the only other low-lying final
states of interest are 2+ excited states. Moreover, apart from the phase space suppression,
these final states also need electron p-waves due to angular momentum coupling, since two
electron s-waves can only couple to angular momentum 0 or 1. Hence, these transitions can
also be safely neglected.
Within these approximations, the transition amplitude can be written as
R0νββ =
G2F√
2
g2A (0)me
4piR
e(ε1) (1 + γ5) e
C(ε2)×
∑
j
U2ej
mj
me
〈
0+f
∣∣∑
n,m
τ−n τ
−
m
R
g2A (0)
∫
dp
2pi2
eip·(rn−rm)
Ωnm(p
2)
ωj (ωj + µ)
∣∣0+i 〉 , (14)
with the tensor operator Spnm = 3 (pˆ · σn)(pˆ · σm) − σn · σm. The functions h(p2) can
be labeled according to the terms of the hadronic current [see Eq. (3)] from which they
originate:
hF (p2) = hFV V (p
2),
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hGT (p2) = hGTAA(p
2) + hGTAP (p
2) + hGTPP (p
2) + hGTMM(p
2),
hT (p2) = hTAP (p
2) + hTPP (p
2) + hTMM(p
2). (15)
Their explicit form can be found in Ref. [46]. It was in this work that the importance of the
non leading terms [i.e., all but hGTAA and h
F
V V in Eq. (15)] was first shown. They are referred
to as higher order components of the nuclear current (HOC). Notice that, since these terms
are of orders |p|/mN and (|p|/mN)2 in the current,4 their contribution will be enhanced for
larger transferred momentum, i.e., for heavy neutrinos.
It is easy to insert R0νββ into Eq. (7) and derive an expression for the 0νββ decay rate:
Γ0νββ
ln 2
= G01
∣∣∣∣∣
∑
j
U2ej
mj
me
M0νββ(mj)
∣∣∣∣∣
2
. (16)
Here, G01 is a well known kinematic factor, and comes essentially from the leptonic degrees
of freedom. It can be written explicitly as
G01 =
[GF gA(0)]
4m2e
64pi5R2 ln 2
∫
F0(Z, ε1)F0(Z, ε2)q1q2ε1ε2δ(ε1 + ε2 + Ef − Ei)dε1dε2d (qˆ1 · qˆ2) ,
(17)
where F0(Z, ε) are the so-called Fermi functions, with Z the proton number and qi the
electron momenta. The Fermi functions also depend on the nuclear radius R and their
explicit form is
F0(Z, ε) =
4
Γ2(2γ1 + 1)
(2qR)2(γ1−1) |Γ(γ1 + iy)|2 epiy; γ1 =
√
1− (αZ)2, y = αZε
q
.
(18)
The quantity M0νββ(mj) is the nuclear matrix element, which takes into account the initial
and final nuclear wavefunctions and the transition operator. This operator originates from
both the nuclear currents and the virtual neutrino. The NME is given by
M0νββ(mj) =
〈
0+f
∣∣∑
n,m
τ−n τ
−
m
R
g2A(0)
∫
dp
2pi2
eip·(rn−rm)
Ωnm(p
2)
ωj (ωj + µ)
∣∣0+i 〉 . (19)
4 The terms labeled hPP and hMM come at order (|p|/mN)2. The reason to keep these second order terms
is the enhancement of the coupling constants gP and gM due to the factors 2mN |p| /
(
p2 +m2pi
) ≃ 7
and (µp − µn) = 3.70, respectively, see Eq. (6). In each of these terms the corresponding factor appears
squared.
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When the integral over p is performed, we obtain
M0νββ(mj) =
〈
0+f
∣∣∑
n,m
τ−n τ
−
m
(−V F (r) + V GT (r)σnσm − V T (r)Srnm) ∣∣0+i 〉 , (20)
where r = |rn − rm| is the distance between the decaying neutrons and the V (r) are the
so-called neutrino potentials. Before the radial integration over |p| they are given by
V F/GTx (r) =
2
pi
R
g2A(0)
∫ ∞
0
j0(|p| r) h
F/GT
x (p2)
ωj (ωj + µ)
p2 d |p| ,
V Tx (r) = −
2
pi
R
g2A(0)
∫ ∞
0
j2(|p| r) h
T
x (p
2)
ωj (ωj + µ)
p2 d |p| , (21)
where jn(x) are the spherical Bessel functions.
B. Calculation of the nuclear wavefunctions within the Interacting Shell Model
As can be seen from Eq. (20), a key ingredient in the calculation of the NMEs are the
wavefunctions of the initial and final nuclei. This is a complicated nuclear structure problem
which cannot be solved in the complete space, i.e., taking into account all neutrons and
protons of the corresponding nucleus in all their possible configurations. Thus, truncated
valence spaces and effective interactions are used to solve the nuclear many body problem.
As a consequence of this, a fully consistent treatment would demand regularizing the 0νββ
decay operator in Eq. (20) using the same prescription as for the bare nuclear interaction [56].
This has only been performed very recently [57, 58].
Instead, we will simplify the problem keeping the bare 0νββ decay operator and including
new correlations [called short range correlations (SRC)] in the calculation via a general
prescription. The findings of Refs. [57] and [58] show that for light neutrinos, the effect
of these correlations is rather moderate once FNS terms have been taken into account, of
the order of 5% correction to the NME. In order to implement these SRC one needs to
assume some prescription and the most commonly used are either a Jastrow-type function
[59] or a unitary correlation operator method (UCOM) transformation [60]. The NME is
thus transformed as
〈
0+f
∣∣O0νββ ∣∣0+i 〉SRC = 〈0+f ∣∣U †O0νββU ∣∣0+i 〉 = 〈0+f ∣∣ O˜0νββ ∣∣0+i 〉 , (22)
where U is either a Jastrow-type function or a UCOM transformation. The actual
parametrizations can be found in Refs. [58] and [61], respectively. In our calculations have
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used the UCOM prescription, even though similar results are expected within the Jastrow
approach. Note that these SRC terms, which do not have much importance for light neu-
trinos, will be more relevant for heavy ones, which require shorter distances between the
decaying nucleons.
Mainly two different methods are used to obtain the NMEs for the 0νββ decay, the
quasiparticle random phase approximation (QRPA) [4, 5] and the interacting shell model
(ISM) [62, 63]. The QRPA includes relatively large valence spaces but is not able to comprise
all the possible configurations. On the other hand, the ISM is limited to smaller configuration
spaces, but all possible correlations within the space can be included.
When comparing the NMEs obtained by both methods a clear disagreement is found,
the ISM values being about 1.5-2 times smaller than QRPA ones [54]. This disagreement is
not overcome when taking into account the estimated errors of both calculations and it is
under discussion whether the difference is mainly due to the lack of correlations of QRPA
calculations (which reduce the value of the NME), the small valence space used in the ISM
(to be discussed in Section IIC) or both [53, 63]. However, it must be stressed that due to
the theoretical effort made over the last years this disagreement is now much less severe than
it was five years ago, and studies using recently available experimental information for the
decay of 76Ge suggest that the present situation can be improved [64, 65]. This applies to
NMEs obtained with light neutrino exchange. In the heavy neutrino case, since the available
QRPA results are rather outdated [46], it is probably not meaningful to compare them with
those of the present work. However, the same relation between ISM and QRPA results of
the light neutrino case is to be expected, since the difference between these methods lies on
the calculation of the wavefunctions, and therefore it should not be very much dependent on
changes on the transition operator, for whom both methods give an equivalent description
[54].
In this work, we have used ISM nuclear wavefunctions. Following the considerations of
Sec. IIA, we have performed calculations for the mj dependent 0νββ decay NMEs of the
emitters 48Ca, 76Ge, 82Se, 124Sn, 130Te and 136Xe, using the ISM coupled code NATHAN [62],
ideally adapted for the calculation of 0+ states. Full diagonalizations are accomplished within
different valence spaces and effective interactions. For instance, the decay of 48Ca is studied
in the pf major shell, where the KB3 interaction [66] is employed. For the case of 76Ge and
82Se, the valence space consisting on the 1p3/2, 0f5/2, 1p1/2 and 0g9/2 orbits is diagonalized
11
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FIG. 1: The nuclear matrix element dependence on the neutrino mass. The data depicted in this
figure is available in Appendix A.
using the GCN28.50 interaction [54]. Finally the 0g7/2, 1d3/2, 1d5/2, 2s1/2 and 0h11/2 valence
space and the GCN50.82 interaction [54] are used in the decays of 124Sn, 130Te and 136Xe.
The results of the computation of the NME as a function of the neutrino mass are shown
in Fig. 1, which is in agreement with the findings of Refs. [67] and [43]. As can be seen
from this figure, the dependence of the matrix element on the nuclei is mild and all the
curves show a similar behaviour. We will discuss qualitatively the observed dependence of
the NME on the neutrino mass as well as the phenomenology associated to the different
mass regimes in the next sections.
C. Estimate of the uncertainties of the NME within the ISM
As we have pointed out several times throughout the present section, since the com-
putation of the NMEs can be rather challenging, a number of approximations need to be
made. In consequence, the results obtained will have some uncertainties, which we will now
estimate.
First of all, when dealing with the ISM, we have to worry about the valence space and
the effective interaction used to obtain the nuclear wavefunctions. The effect of having
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larger valence spaces was analyzed in Ref. [68], with the result that the NMEs increased,
within a conservative analysis, by ∼ 15− 20 %. The same number was obtained in a QRPA
calculation when it was quantified the effect of the orbits absent in a ISM valence space
[64]. Of the three valence spaces employed in the present work (see Sec. II B), only that
corresponding to the 48Ca decay was not explored in Ref. [68], so that we can consider the
former ∼ 15−20 % increase as a general estimate of the uncertainty due to the configuration
space. As for the nuclear interaction, a moderate dependence of ∼ 5− 10 % was found both
in Refs. [68] and [65]. Since they study nuclei in different regions and we can consider all the
effective interactions employed of similar accuracy, we will also take this figure as general.
Until recently, another considerable source of uncertainty were the SRC. However, it
now seems that their contribution is rather small and that proper UCOM or Jastrow-type
parametrizations can take these terms very well into account, with a precision of ∼ 5 % [57,
58]. For its part, the variation in the NME due to different but reasonable values of the
cutoffs appearing in the FNS terms [49, 69] is also very small, less than 5 %.
In addition, due to the fact that the NMEs have been calculated using the closure ap-
proximation, we have to include an additional error of 5− 10 % to our results, as suggested
by QRPA calculations [55]. This is in agreement with the very soft variation that is seen
in the NME as the parameter µ is modified. Furthermore, we quantify the possible effect
of missing terms in the operator (next order terms in the current, nucleon recoil, p-wave
emitted electrons) by an additional uncertainty of less than 5 % in our results.
It is currently under discussion whether the axial coupling should be quenched or not [65,
70, 71]. In the ISM calculations presented here we take gA(0) = 1.25, i.e., we do not quench
it, contrary to what is required by the single β and two-neutrino ββ decays, where a pure
Gamow-Teller operator appears and its value has to be quenched to gA(0) = 1.00. However,
in the 0νββ decay case the operator is more involved due to the extra radial dependence
introduced by the virtual neutrino. Moreover, in the case of the pure Gamow-Teller JP = 1+
channel, it is not dominant in the 0νββ process, and depending on its relative sign, quenching
it may result even in an enhancement of the NME. Until this issue is explored in more detail,
we will take the most conservative option, allowing for a full quenching of the axial coupling
and also for the quenching only of the JP = 1+ channel. Under these assumptions, taking
into account that the Fermi part of the NME accounts for 10-15% of the full NME in our
ISM calculations and is never quenched, we estimate a ∼+5 %
−30 % error due to this effect.
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Notice that the uncertainty in the valence space only moves the estimate up, the effect of
axial quenching essentially moves it down, while the remaining contributions are expected
to be Gaussian-distributed. Even though some of these errors may be correlated in a rather
complicated way, as a first approximation we will take them as independent. Altogether,
adding every contribution in quadrature we expect an overall uncertainty in the final NME
of ∼+25 %
−35 %.
The above analysis applies to the case of light neutrino exchange. For heavy neutrinos,
the NMEs get very dependent on the SRC and FNS treatments. In this case, a similar study
to the one above gives a 15-20% for SRC uncertainties and 10% for FNS ones, which would
lead to a final ∼+35 %
−40 % uncertainty. However, one should take this number cautiously until
the accuracy of the FNS approach for such heavy exchanged particles is firmly established
[72].
As an example, we will consider the case of the 76Ge decay. In Ref. [65] the NME
was obtained with different effective interactions and SRC, obtaining the interval 2.81 <
M0νββ(0) < 3.52. If we take into account the further uncertainties of the valence space,
the FNS, the closure approximation, the next order hadronic current terms and the gA(0)
quenching, we end up with 2.11 < M0νββ(0) < 3.98. This result will be used in Sec. IV to
derive bounds on the neutrino masses from the 0νββ decay process.
III. GENERAL PHENOMENOLOGY
According to Eq. (16), the contribution of a single neutrino to the amplitude of 0νββ
decay is given by
Ai ∝ miU2eiM0νββ(mi), (23)
where mi is the mass of the propagating neutrino and M
0νββ(mi) is the nuclear matrix
element that characterizes the process and depends on the nucleus that undergoes the 0νββ
transition. Figure 1 shows two distinct regions where the behaviour of the NME as a function
of the neutrino mass changes from almost constant up to mi ≃ 100 MeV to decreasing
quadratically as the neutrino mass increases beyond 100 MeV. This behaviour is easily
understood: the neutrino can be characterized as light if m2i ≪ |p2| or heavy if m2i ≫ |p2|,
which would mean that the neutrino propagator in the NME would be dominated by p2 or
m2i , respectively, where p is the momentum exchanged in the process. As already mentioned
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in Sec. IIA, in the 0νββ decay p2 ≃ −p2 ≃ −(100 MeV)2. We will therefore define two
regimes:
• The light neutrino regime: For mi ≤ 100 MeV, where the neutrino propagator is
1
p2 −m2i
=
1
p2
+
m2i
p4
+O
(
m4i
p6
)
(24)
and hence, the NME is maximum in this regime and is almost independent of the
neutrino mass:
M0νββ(mi) =M
0νββ(0)
[
1 +
m2i
p2
+O
(
m4i
p4
)]
. (25)
• The heavy neutrino regime: For mi ≥ 100 MeV where the NME decreases as
m−2i providing an extra suppression to its contribution to the 0νββ decay amplitude
because of the neutrino propagator:
1
p2 −m2i
= − 1
m2i
+O
(
p2
m4i
)
. (26)
In principle, one could expect a more involved behaviour or even a resonance if p2 ≃ m2i .
However, since the 0νββ transition does not occur through an s-channel type diagram, the
characteristic momentum transfer has p2 < 0 with |p2| ≃ (100 MeV)2. Thus, the nuclear
matrix element does not exhibit a resonant mass and the transition between the light and
heavy neutrino mass regimes is relatively smooth (c.f., Fig. 1). We will therefore not define
a third transition region between the heavy and light regimes, as is sometimes done in the
literature, since there is no new phenomenology associated to it.
The usual bound derived from the 0νββ process in the literature is obtained summing
over the active neutrinos, implicitly neglecting the contribution of extra degrees of freedom.
With this assumption the only contribution comes from the neutrinos in the light regime,
with mi ≪ p2, which results in
A0νββ =
3∑
i=1
Ai ∝
3∑
i=1
miU
2
eiM
0νββ(mi) =M
0νββ(0)
3∑
i=1
miU
2
ei +O
(
m2i
p2
)
, (27)
where
∑
imiU
2
ei is the well-known expression used for the “effective 0νββ decay neutrino
mass”:
mββ = m1c
2
12c
2
13 +m2s
2
12c
2
13e
2iα1 +m3s
2
13e
2iα2 , (28)
where mi are the masses of the neutrino mass eigenstates, cij = cos θij , sij = sin θij , θij are
the neutrino mixing angles and αi are combinations of the Majorana and Dirac phases. It
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FIG. 2: Allowed regions by neutrino oscillation data at 2σ for mββ as a function of the mass
of the lightest neutrino ml, for normal (blue) and inverted (red) neutrino mass hierarchies. The
cosmologically disfavoured neutrino masses from cosmology are also shown (green band) as well as
the Heidelberg-Moscow claim for 0νββ decay (yellow band).
is important to note that this expression holds only when the SM neutrinos dominate the
0νββ process. However, if the SM is not extended, the Majorana mass required for the
0νββ transition is forbidden. As we will discuss, all extensions of the SM that induce a
Majorana mass for the SM neutrinos imply the inclusion of extra degrees of freedom that
can contribute to the 0νββ process and should be added to the SM decay amplitude.
Under the assumption that only the light neutrinos give a significant contribution to this
process, Eq. (28) can be combined with the present constraints on neutrino masses and
mixings [73] to derive Fig. 2, where the allowed value of mββ as a function of the mass of
the lightest neutrino ml is shown. However, as will be discussed in Sec. IV, this assumption
is not always valid and Fig. 2 does not always provide an accurate description of the 0νββ
decay. In the same figure we also show the Heidelberg-Moscow claim for 0νββ decay and
the bound on the mass of the lightest neutrino from cosmology arguments [35, 36]. Notice
that the bounds from cosmology apply to the SM active neutrinos only. For extra sterile
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neutrinos, the cosmology bounds would depend on their mixing with the active ones, which
would determine their abundance. Indeed, sterile neutrinos with masses ∼ 1 keV larger
than the cosmology bound are actually considered good candidates for warm dark matter
[74–76]. As can be seen from the figure, there is a tension between the Heidelberg-Moscow
claim, the contribution to 0νββ from SM neutrinos and the present bounds on their mass
from cosmology. In Secs. IVA3 and IVD we will discuss possible solutions to this tension.
IV. APPLICATIONS TO SPECIFIC MODELS OF NEUTRINO MASSES
In this section we analyze the contributions to 0νββ decay of the different mechanisms
that lead to Majorana neutrino masses and can therefore induce the required lepton number
violation for the process. We will discuss here the tree-level realizations of the Weinberg
d = 5 effective operator:
cαβ
Λ
(
Lcαφ˜
∗
)(
φ˜†Lβ
)
+H.c. . (29)
Here, φ denotes the SM Higgs field, which breaks the electroweak (EW) symmetry after
acquiring its vacuum expectation value (vev) v, Λ is the scale of new physics that gives
rise to the operator and we have used the definition φ˜ = iτ2φ
∗. This is the only d = 5
operator that can be built from the SM particle content respecting both gauge and Lorentz
invariance [77]. Since the low-energy effects of physics beyond the SM can be encoded in an
expansion of effective operators of d > 4 suppressed by inverse powers of Λd−4, it is a natural
expectation that this sole d = 5 operator will be the least suppressed one. It is then very
suggestive that one of the few evidences we have for physics beyond the SM is the existence of
small, but non vanishing, neutrino masses. Indeed, after the Higgs field develops its vev, the
operator of Eq. (29) induces a Majorana mass term for the SM neutrinos cαβ(v
2/Λ)νcαLνβL,
suppressed by the scale Λ.
There are three different extensions of the SM particle content that lead to the operator
of Eq. (29) after the extra mediators have been integrated out. They are known as “seesaw”
mechanisms of type-I [37–40], where the heavy particles are fermion singlets, type-II [78–
82], where scalars triplets are included, and type-III [83–86], where the SM is extended
by fermion triplets. All these extra degrees of freedom, required to induce the Majorana
nature of the SM neutrinos, can also contribute to the 0νββ process. The contribution of
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FIG. 3: Feynman diagrams contributing to the 0νββ transition rate from the exchange of fermions
(left) and scalar triplets (right).
neutral fermions, such as the singlets and triplets added in the type-I and III seesaws, to the
0νββ decay rate is depicted on the left side of Fig. 3; in particular this includes that of the
light active neutrinos. The contribution of the scalar triplet of the type-II seesaw (see, e.g.,
Ref. [87]) is depicted on the right side of Fig. 3. In both diagrams the W lines can also be
exchanged for the physical singly-charged scalar present in the type-II seesaw. In principle,
the contributions of the light active neutrinos and those of the extra degrees of freedom that
are introduced should be combined. This is especially so in the case of the type-I seesaw,
since important cancellations [88–90] are present in certain regimes [91] that are missed
if the constraints are placed separately. If they are assumed to be independent, an extra
contribution to the neutrino mass beyond those extra states is implicitly assumed. Moreover,
taking into account the relations between the high- and low-energy parameters allows the
derivation of stronger bounds on the former through the active neutrino contribution. It
is then important not to neglect it, since the naive constraints stemming directly from the
contribution of the extra degrees of freedom are generally much weaker.
A. Type-I seesaw models
In this section we will discuss the phenomenology of 0νββ decay when extending the
Standard Model with fermion gauge singlets, i.e., right handed neutrinos νsi. The Standard
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Model Lagrangian is then extended as5
L = LSM − 1
2
νsi(MN)ijν
c
sj − (YN)iανsiφ˜†Lα +H.c. . (30)
After the Higgs develops its vev the neutrino mass matrix is
Mν =

 0 YNv/√2
Y TN v/
√
2 MN

 . (31)
This mass matrix can be diagonalized by a unitary mixing matrix U :
U∗ diag {m1, m2, ..., mn}U † =Mν . (32)
We therefore have n neutrino mass eigenstates with masses mi and mixings Uei with the
electron. Out of these, at least three mass eigenstates must be very light and form the main
components of the active neutrinos, whose number is measured by the invisible decay width
of the Z [92]. On the other hand, the masses of the extra states are not determined. We thus
have two contributions to the amplitude of 0νββ decay, one from the light active neutrinos
and another from the extra degrees of freedom:
A ∝
∑
i
miU
2
eiM
0νββ(mi) +
∑
I
mIU
2
eIM
0νββ(mI), (33)
where we have used capital letters to denote the mass index of the mostly sterile states
and lowercase letters for that of the mostly active states. Depending on whether the extra
mass eigenstates fall in the light or heavy neutrino mass regimes we can further split their
respective contributions to the amplitude:
A ∝
light∑
i
miU
2
eiM
0νββ(mi) +
light∑
I
mIU
2
eIM
0νββ(mI) +
heavy∑
I
mIU
2
eIM
0νββ(mI). (34)
We can now distinguish three cases exhibiting very different phenomenologies depending on
the mass regime of the extra mass eigenstates:
1. All extra mass states in the light regime
In this scenario all the mass eigenstates are lighter than 100 MeV. In principle, this does
not allow to explain the smallness of neutrino masses through the naive seesaw mechanism,
5 Here, as in the following, we do not write out the kinetic terms of the new fields, which are assumed to
be of the canonical form.
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FIG. 4: Nuclear matrix element cancellation in the light mass regime. The example is taken for
the 48Ca decay, but the same quadratic dependence is seen for the remaining nuclei studied. The
value of the parameter is a = 2.51 · 10−3 MeV−2.
i.e., with O (1) Yukawa couplings. However, since the value of the parameterMN in Eq. (30)
is not restricted and it is technically natural for it to be small (for vanishing Majorana mass
term the B−L symmetry is recovered), we believe this is a possibility worth exploring even
if less appealing than the canonical type-I seesaw scenario.
Notice that, if all neutrinos belong the the light regime, Eq. (32) implies
light∑
i
miU
2
ei +
light∑
I
mIU
2
eI = 0, (35)
since the left-left entry of the mass matrix in Eq. (31) vanishes (it is forbidden by the SM
gauge symmetry). Thus
A ∝
light∑
i
miU
2
eiM
0νββ(mi) +
light∑
I
mIU
2
eIM
0νββ(mI)
≈ −
light∑
I
mIU
2
eI
(
M0νββ(0)−M0νββ(mI)
)
. (36)
On the other hand, for neutrino masses in the light regime, the nuclear matrix elements
are basically independent of the neutrino mass (see Fig. 1) M0νββ(mI) ≃ M0νββ(mi) ≃
M0νββ(0) and therefore the rate of 0νββ decay in Eq. (36) is very suppressed when all mass
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FIG. 5: Bounds from CUORICINO on the extra neutrino mixing from 0νββ decay in 130Te, with
a 90 % CL half-life [13]. We have assumed the extra neutrinos are non hierarchical and show the
bounds as a function of their common mass. We compare the case in which the contribution from
the SM neutrinos is properly taken into account (striped area) to that in which only the extra
contribution is considered (above the red line).
eigenstates are lighter than ∼ 100 MeV. This works in a way similar to the GIM suppression
in flavour violating processes [93]. Indeed, a process converting from flavour α to flavour β
is GIM suppressed due to the unitarity relation
∑
i UαiU
∗
βi = 0, so that only the mass of the
propagating particle does not make the cancellation exact and a suppression of ∆m2/M2W is
found, where ∆m2 is the mass squared difference between the different propagating particles.
In our 0νββ process we have Eq. (35) operating a similar cancellation and again it is the
different neutrino masses in the NME of Eq. (36) that would prevent a full cancellation
leading to a suppression of ∆m2/p2 with |p2| ≃ (100 MeV)2 [see the second term in Eq. (25)
and, e.g., Ref. [94]]. The ∆m2/p2 dependence of theM0νββ(0)−M0νββ(mI) term that drives
the contribution to 0νββ in Eq. (36) is depicted in Fig. 4. As expected, the two contributions
cancel up to a factor m2I/p
2 with |p2| ≃ (100 MeV)2 and deviations from this behaviour start
to be non negligible for mI & 1 MeV.
We want to emphasize that phenomenological analyses (see, e.g., Refs. [43] and [44])
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that use the non observation of 0νββ decay to derive bounds on the mixing of an extra
light neutrino with mass around ∼ 100 MeV or below neglecting the contribution of SM
neutrinos, implicitly assume that the cancellation described in Eq. (36) does not take place.
This would be the case if some extra contribution to the neutrino masses is present and
Eq. (35) is consequently modified. Examples of this situation, which imply some degree
of cancellation between the different contributions to neutrino masses, will be discussed in
Secs. IVA3 and IVD. In the absence of these extra contributions, the remaining leading
term, GIM suppressed as ∆m2/p2, can then be used to derive the corrected bound on the
mixing of the extra state. In Fig. 5 we show this bound using the constraints on 0νββ
decay in 130Te from CUORICINO, with a 90 % CL half-life [13] and compare it to the one
that would be obtained neglecting this cancellation and considering only the extra neutrino
contribution. It is clearly seen that the bound indeed weakens when mI < 100 MeV. In
particular, formI < 1 MeV, theM
0νββ(0)−M0νββ(mI) suppression in Fig. 4 becomes almost
10−3, so that the 0νββ decay rate would be suppressed by six orders of magnitude and for
mI < 100 keV the bound on the mixing from Fig. 5 becomes meaningless since
∑
I U
2
eI < 1.
Clearly, if the extra states that accommodate neutrino masses are all in this regime the
0νββ decay becomes experimentally inaccessible even if neutrinos are Majorana particles.
An important sub-case is when MN = 0 with three extra neutrinos, which corresponds to
the case of Dirac neutrinos. In this scenario, the cancellation is perfect since the left and
right handed states are exactly degenerate, which corresponds to the fact that there is no
lepton number violation for Dirac neutrinos.
In order to derive the constraints of Fig. 5 we have assumed as an example that all the
extra states are degenerate in mass (or that there is only one extra state). However, a similar
GIM-like cancellation would also be present when assuming a different hierarchy as long as
all the extra states are in the light regime. The extra contribution in the light regime can
only dominate over the light active one and avoid the GIM-like cancellation if the model is
extended with other heavier states. This situation also implies a certain degree of fine-tuning
between the extra contributions and will be discussed in detail in Secs. IVA3 and IVD.
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2. All extra mass states in the heavy regime
This is the simplest situation and the one implicitly assumed when using Eq. (28) or Fig. 2
to forecast the rate of 0νββ decay. It also corresponds to the canonical implementation of
the type-I seesaw mechanism, where the Majorana mass of the right handed neutrinos in
Eq. (30) is assumed to be very large MN ≫ YNv/
√
2 so that the smallness of the active
neutrino masses is naturally explained and extra heavy eigenstates are obtained. Since the
extra states would fall in the heavy neutrino mass regime their nuclear matrix elements are
very suppressed: M0νββ(mI)≪M0νββ(mi) (see Fig. 1). Furthermore, Eq. (32) implies that
light∑
i
miU
2
ei +
heavy∑
I
mIU
2
eI = 0, (37)
so that the 0νββ decay amplitude is
A ∝
light∑
i
miU
2
eiM
0νββ(mi) +
heavy∑
I
mIU
2
eIM
0νββ(mI)
≈ −
heavy∑
I
mIU
2
eI
(
M0νββ(0)−M0νββ(mI)
)
≈ −
heavy∑
I
mIU
2
eIM
0νββ(0) =
light∑
i
miU
2
eiM
0νββ(0). (38)
The contribution from the light active neutrinos thus dominates and Fig. 2 provides an
accurate prediction for the 0νββ transition rate.
Notice that, using the contribution of the extra states mIU
2
eIM
0νββ(mI) to the 0νββ
process in order to derive a bound on their mixing UeI would lead to rather weak constraints
since it is very subleading (see, e.g., Refs. [45–47]). On the other hand, Eq. (38) can be used
to express the dominant light neutrino contribution as a function of the heavy parameters:
−mIU2eIM0νββ(0). This expression then allows to derive a much stronger constraint on UeI
[95]. This constraint is also shown in Fig. 5 when mI > 100 MeV and compared to that
when only the contribution of the heavy neutrinos is considered. In order to derive the
constraints of Fig. 5 we have assumed as an example that all the extra states are degenerate
in mass (or that there is only one extra state). However, a similar behaviour is found when
a different hierarchy is considered as long as all the extra states are in the heavy regime.
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3. Extra mass states in the light and heavy regimes
In this scenario we would have the full contribution to 0νββ decay of Eq. (34) and the
constraint from Eq. (32):
light∑
i
miU
2
ei +
light∑
I
mIU
2
eI +
heavy∑
I
mIU
2
eI = 0. (39)
As discussed above, for the neutrinos in the heavy regime, the NME receives an extra
suppression to their contribution to the 0νββ decay rate and the leading terms stem from
the light states:
A ∝
light∑
i
miU
2
eiM
0νββ(mi) +
light∑
I
mIU
2
eIM
0νββ(mI) ≃ −
heavy∑
I
mIU
2
eIM
0νββ(0). (40)
However, in this case the GIM-like cancellation is prevented since the heavy contribution is
suppressed. This scenario thus offers the richest phenomenology. In particular, it is possible
to satisfy Eq. (39) even in a situation where miU
2
ei ≪ mIU2eI by canceling the contribution
of the extra heavy states against that of the extra light ones while keeping the light neutrino
masses small. This implies a certain level of fine-tuning since extra sterile neutrinos in both
the heavy and light regimes are necessary and some degree of cancellation between their
respective contributions is required in order to keep the neutrino masses small. However, in
such a situation, the contribution of the light extra states could dominate over that of the
active and induce a rate for the 0νββ process larger than the one forecasted from Fig. 2.
This could thus be a possible solution to an eventual discrepancy between a positive result in
0νββ decay and a negative result in the searches for neutrino masses in cosmology. Indeed,
the bounds from cosmology apply to the active SM neutrinos only.
As an example, we will here consider the Heidelberg-Moscow claim for a positive 0νββ
decay signal [34]. The accommodation of this signal through only SM neutrinos [see Eq. (28)]
would require 0.24 eV < mββ < 0.89 eV at 2σ, where the allowed numbers have been ob-
tained with the ISM results of Sec. IIC following the rather conservative procedure described
in Ref. [96]. Almost all the error bar comes from the theoretical error of the NME, which
is much larger than the one associated to the experimental claim. As can be seen in Fig. 2,
the interpretation of this claim as light active SM neutrinos is very disfavoured (see, e.g.,
Ref. [97]) by the constraints from cosmology and neutrino oscillation data. However, this
signal could be accommodated in a model with heavier neutrinos (which are not bounded
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by cosmology) mediating the process. Indeed, following Eq. (40), we could reinterpret the
result as
0.24 eV <
∣∣∣∣∣
heavy∑
I
mIU
2
eI
∣∣∣∣∣ < 0.89 eV. (41)
This larger contribution to 0νββ decay would not be in conflict with neutrino masses if the
extra heavy and light neutrino contributions cancel each other in Eq. (39). The level of can-
cellation required to accommodate the the Heidelberg-Moscow claim with sterile neutrinos
is actually only at the ∼ 50 % level, since the light active neutrinos only fail to explain it by
about a factor two, given the bounds we have on their masses from cosmology. In Fig. 6 we
show the degree of cancellation that would be required to accommodate an eventual stronger
bound on the mass of the lightest neutrino ml from cosmology [35, 36] with a discovery of
0νββ decay requiring a given mββ when interpreted as the contribution of the SM neutrinos
alone. The contours for no tension between the mass bound and mββ are shown together
with the situations that require cancellations at the level of 50 %, 10 %, 5 % and 1 %. The
dot represents the present situation of the Heidelberg-Moscow claim that requires a mild
50 % cancellation to avoid conflict with the cosmological bounds on ml. Notice that, since a
minimum size of mββ ∼ 10−2 eV is guaranteed for an inverted hierarchy, the required level
of cancellation never exceeds the 10 % in this situation. On the other hand, if the neutrino
mass hierarchy is found to be normal, tunings up to ∼ 1 % would be necessary to reconcile a
discovery of mββ on the same level as the present Heidelberg-Moscow claim with an eventual
bound of ml < 10
−2 eV.
B. Type-II seesaw models
In the type-II seesaw, the Standard Model content is expanded by the addition of a scalar
SU(2) triplet with hypercharge 2 (where the hypercharge is defined such that Q = Y/2+T3):
∆ =

 ∆+/√2 ∆++
∆0 −∆+/√2

 . (42)
The scalar triplet couples to the lepton doublet through the Yukawa terms:
L = LSM − (Y∆)αβLcαiτ2∆Lβ +H.c., (43)
where τ2 is the second Pauli matrix. Furthermore, the scalar triplet ∆ has a coupling
µ to a pair of Higgs fields, so that it gets an induced vev after EW symmetry breaking:
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FIG. 6: The level of cancellation between the different contributions to the neutrino mass necessary
to reconcile an eventual discovery of 0νββ decay with sizemββ with a bound on the lightest neutrino
mass ml from future cosmology or β decay experiments. The solid and dashed lines are for normal
and inverted mass hierarchy respectively. The red, yellow, green, blue and black contours are for
cancellations to the level of 1 %, 5 %, 10 %, 50 % and no cancellation respectively. The dot
represents the present Heidelberg-Moscow claim for mββ and the cosmology bound on ml and
requires a tuning of ∼ 50 % in order to be explained through sterile neutrinos.
v∆ = µv
2/2M2∆, where M∆ is the mass of the scalar triplet. The vev of the triplet then
induces a Majorana neutrino mass
m∆ν = 2Y∆v∆ = Y∆
µv2
M2∆
(44)
in Eq. (43). This in turn implies that, at low energies, Eq. (37) is modified to
light∑
i
miU
2
ei =
(
m∆ν
)
ee
, (45)
making m∆ν the analogous contribution to the one of the heavy neutrinos in the type-I
seesaw.
The 0νββ process can be mediated both by the neutrinos and by the scalar triplet (see
Fig. 3). However, such charged scalars would have been produced at Tevatron for masses
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below 100 GeV [98]. Thus, the contribution of the charged scalar is suppressed with respect
to the neutrino one. The diagram in the right side of Fig. 3 replaces the neutrino propagator
by a scalar propagator and thus its amplitude is suppressed by a factor ∼ p2/M2∆ < 10−6
with respect to the SM neutrino contribution. The diagram in the left side of Fig. 3 in
which one of the W bosons is replaced by the physical charged scalar are also suppressed.
The scalar is an admixture of the charged components of the Higgs doublet and the scalar
triplet and its coupling to the quarks is therefore proportional to the quark mass. Thus, the
amplitude of these contributions turn out to be suppressed by a factor ∼ mq/M∆ < 10−5,
where mq is the mass of either the up or down quark. Therefore, in this scenario, as in the
type-I seesaw with all extra states heavy, the light active neutrino contribution dominates
and the usual description of 0νββ decay in Fig. 2 applies.
C. Type-III seesaw models
In the type-III seesaw models the Standard Model is expanded by fermion SU(2) triplets
with zero hypercharge:
Σ =

 Σ0/√2 Σ+
Σ− −Σ0/√2

 . (46)
The fermion triplets couple to the SM lepton doublets and the Higgs field through the
Yukawa terms and have Majorana mass terms of their own:
L = LSM − 1
2
(MΣ)ijTr
(
ΣiΣ
c
j
)− (YΣ)iαφ˜†Σiiτ2Lα +H.c. . (47)
The 0νββ decay phenomenology of the type-III seesaw is then completely analogous to
that of the type-I with the neutral component of the triplet playing the role of the right
handed neutrino, except that, since the triplet also has charged components, stringent lower
bounds on its mass exist and in practice only the heavy mass eigenstate regime is available.
The situation then reduces to the one for the type-II seesaw instead, i.e., the same 0νββ
phenomenology applies, with the replacement
m∆ν −→ mΣν =
v2
2
Y TΣ M
−1
Σ YΣ. (48)
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D. Mixed seesaw models
It is interesting to note that the same phenomenology that could stem from a type-I
seesaw with both heavy and light eigenstates can also arise from a type-II or III seesaw in
combination with type-I sterile neutrinos in the light regime. Indeed, adding a type-II or III
contribution to neutrino masses m∆,Σ as in Eqs. (44) and (48), Eq. (31) would instead read
Mν =

 m∆,Σ YNv/√2
Y TN v/
√
2 MN

 . (49)
This in turn implies that Eq. (35) is modified to
light∑
i
miU
2
ei +
light∑
I
mIU
2
eI = m
∆,Σ
ee . (50)
Thus, it is possible to have a dominant contribution to 0νββ decay from the extra light
sterile neutrinos if mIU
2
eI ≫ miU2ei, while Eq. (50) and the smallness of neutrino masses is
respected by a cancellation between mIU
2
eI and m
∆,Σ
ee . The level of the cancellation required
also corresponds to the one depicted in Fig. 6. Indeed, the amplitude of 0νββ decay would
now be
A ∝
light∑
i
miU
2
eiM
0νββ(mi) +
light∑
I
mIU
2
eIM
0νββ(mI) ≃ m∆,Σee M0νββ(0), (51)
and, as an example, the Heidelberg-Moscow claim can be interpreted as
0.24 eV <
∣∣m∆,Σee ∣∣ < 0.89 eV (52)
in this context.
V. SUMMARY AND CONCLUSIONS
We have discussed the general phenomenology of neutrinoless double beta decay (0νββ
decay) in different types of seesaw models. In particular, we have focused on the contribu-
tions of the extra degrees of freedom in different mass regimes without assuming preference
to a particular mass scale. In order to do this, we computed the nuclear matrix element
(NME) involved in the decay amplitudes as function of the mass of the mediating field,
detailing all the assumptions performed in each step and estimating the final error due
to the approximations taken to be at most 30 % for light neutrinos and around 40 % for
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heavy neutrinos. The results of this computation are publicly available in Appendix A. In
particular, the behaviour of the NME is found to be that which can be expected from the
propagator 1/(p2−m2), where p2 ∼ −(100 MeV)2 is the typical momentum transfer between
the nucleons. Thus, the NMEs are essentially constant for m < 100 MeV (light regime) and
decrease as m−2 for m > 100 MeV (heavy regime). The transition region around 100 MeV
is smooth and no significantly new phenomenology takes place at this regime.
In our discussion we have seen that, for the type-I seesaw, a number of possibilities exist.
In the case where all the masses of the extra fermion singlets are in the heavy regime, the
contribution of these states to 0νββ decay is negligible and difficult to constrain directly.
However, the contribution from the light left handed neutrinos can be rewritten in terms
of the masses and mixings of the heavy states, which results in quite stringent bounds on
their mixings. On the contrary, if the extra fermion singlet states are instead in the light
regime, a GIM-like cancellation with the left handed neutrino contributions occurs. In this
situation, neutrinos are Majorana particles, but the 0νββ decay rate becomes unobservable,
being suppressed by at least six orders of magnitude if the mass of the extra states is below
1 MeV. Thus, considering the extra states alone and neglecting the SM neutrino contribution
will result in bounds on their mixings which are generally too strong. Such bounds only
apply when considering extra contributions to neutrino masses beyond the light extra states
in order to prevent the cancellation from taking place. Dirac neutrinos, where the Majorana
mass term of the extra fermion states is zero, are a special case of the situation with only
light extra states. In this scenario, the right and left handed states are exactly degenerate
and the cancellation is exact.
If there are extra states in both the light and heavy regimes, then the main contribution
to the 0νββ transition could come from the light extra states, although some fine-tuning
is necessary. As such, this could be a way to reconcile a large 0νββ decay rate (e.g., the
Heidelberg-Moscow claim) with more stringent cosmological bounds with a mild cancellation
of about 50 %.
As for the other types of seesaws, current bounds from accelerator experiments place the
extra degrees of freedom in the heavy regime. This effectively reduces the situation to that
which appears for the type-I seesaw with only heavy extra states. However, in mixed seesaw
models, the situation can instead resemble that of the type-I with states in both regimes
and thus be used to reconcile large 0νββ decay rates with cosmological bounds.
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In conclusion, the contribution to 0νββ decay from the light active neutrinos can be
forecasted by combining present and future neutrino oscillation data on the neutrino mixing
and mass hierarchy with probes of the absolute neutrino mass scale such as cosmology.
These predictions can be compared to future 0νββ decay searches so as to gain information
on the origin and nature of the neutrino masses. In this comparison, we can distinguish the
following scenarios:
• The 0νββ process is observed to be in agreement with the forecasted rates.
This indicates that the light active neutrinos dominate the 0νββ decay rate. Since
new degrees of freedom are in any event required to give the light neutrinos Majorana
masses, this implies that there is necessarily new physics above the nuclear scale, so
that its contribution is suppressed.
• The 0νββ process is observed to be smaller than the forecasted rates.
This means that there is a partial cancellation between the active and extra neutrino
contributions. Sterile neutrinos around the nuclear scale are then necessary. A higher
mass would imply too big a suppression through their NME to show any sizable
cancellation, while too small masses would make the GIM-like cancellation exact.
• The 0νββ process is observed to be larger than the forecasted rates. In this
situation the light active neutrinos cannot dominate the 0νββ decay rate. Extra sterile
neutrinos, lighter or around the nuclear scale, could have a significant contribution
and reconcile the observations. However, the GIM-like cancellation between both
contributions has to be avoided. This implies either a cancellation between extra
neutrinos both above and below the nuclear scale (see Sec. IVA3) or between the
extra neutrinos and a type-II or III seesaw contribution (see Sec. IVD). This is the
case that would correspond to a confirmation of the Heidelberg-Moscow claim.
• The 0νββ process is not observed but was forecasted. While this could imply
that neutrinos are Dirac and not Majorana particles, it can also be the case that neutri-
nos are Majorana but extra sterile neutrinos below the nuclear scale are present. Thus,
the GIM-like cancellation takes place and the 0νββ decay rate becomes unobservable.
• The 0νββ process is not observed and was not forecasted. This is the most
pessimistic scenario since it is impossible to draw any conclusion on the nature and
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origin of neutrino masses.
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Appendix A: Nuclear matrix elements
TABLE I: Nuclear matrix elements for different neutrino masses for the 0νββ decays of 48Ca,
76Ge, 82Se, 124Sn, 130Te and 136Xe. The calculations include UCOM short-range correlations and
unquenched axial coupling gA = 1.25.
mν (MeV)
48Ca 76Ge 82Se 124Sn 130Te 136Xe
1.0 × 10−9 0.938 2.79 2.61 2.79 2.60 2.15
1.0 × 10−6 0.938 2.79 2.61 2.79 2.60 2.15
1.0 × 10−3 0.938 2.79 2.61 2.79 2.60 2.15
1.000 0.938 2.79 2.61 2.78 2.60 2.15
1.778 0.936 2.78 2.60 2.78 2.59 2.15
3.162 0.933 2.77 2.59 2.77 2.59 2.14
5.623 0.926 2.74 2.56 2.74 2.57 2.12
10.00 0.912 2.68 2.50 2.69 2.53 2.08
17.78 0.883 2.55 2.39 2.58 2.44 2.01
31.62 0.830 2.34 2.19 2.38 2.28 1.87
56.23 0.741 2.01 1.88 2.06 1.99 1.63
100.0 0.600 1.55 1.44 1.59 1.57 1.28
177.8 0.410 1.01 0.940 1.04 1.04 0.846
316.2 0.219 0.522 0.485 0.542 0.549 0.442
562.3 0.0887 0.208 0.193 0.218 0.222 0.178
1000 0.0311 0.0729 0.0673 0.0769 0.0785 0.0627
1778 8.94×10−3 0.0209 0.0193 0.0222 0.0227 0.0181
3162 2.75×10−3 6.46×10−3 5.96×10−3 6.85×10−3 7.01×10−3 5.58×10−3
5623 8.61×10−4 2.02×10−3 1.86×10−3 2.15×10−3 2.19×10−3 1.75×10−3
1.0× 104 2.71×10−4 6.37×10−4 5.88×10−4 6.77×10−4 6.92×10−4 5.51×10−4
1.0× 106 2.71×10−8 6.36×10−8 5.87×10−8 6.76×10−8 6.91×10−8 5.51×10−8
1.0× 109 2.71×10−14 6.36×10−14 5.87×10−14 6.76×10−14 6.91×10−14 5.51×10−14
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